A modified cloning procedure was used to obtain large DNA insertions (20 to 30 kb) from Pseudomonas putida NCIB 9816 that expressed polycyclic aromatic hydrocarbon (PAH) transformation activity in Escherichia coli HB101. Four subclones (16 [in both orientations], 12, and 8.5 kb in size) were constructed from the initial clones. Naphthalene, fluorene, and phenanthrene transformations were investigated in these eight NCIB 9816 clones by a simple agar plate assay method, which was developed to detect and identify potential PAH metabolites. Results indicated that the necessary genes encoding the initial ring fission of the three PAHs in E. coli cells are located in an 8.5-kb EcoRl-XhoI portion, but the lower-pathway genes are not present in a 38-kb neighborhood region. These NCIB 9816 clones could transform naphthalene and phenanthrene to salicylic acid and 1-hydroxy-2-naphthoic acid, respectively. With the same clones, fluorene was degraded to 9-hydroxyfluorene, 9-fluorenone, and two unidentified compounds. Genetic similarity between the NAH7' upper-pathway genes and the cloned NCIB 9816 genes was confirmed by Southern blot DNA-DNA hybridization. In spite of this genetic similarity, the abilities of the two clusters to transform multiple PAHs were different. Under our experimental conditions, only the metabolites from naphthalene transformation by the NAH7 clone (pE317) were detected, whereas the NCIB 9816 clones produced metabolites from all three PAHs.
The biodegradation of polycyclic aromatic hydrocarbons (PAHs) has been intensively studied. Many bacterial strains have been shown to degrade naphthalene, fluorene, or phenanthrene, often using these PAHs as sole carbon sources (3, 5) . One naphthalene degradation system, NAH7, which was isolated from Pseudomonas putida PpG7, has been well characterized both genetically and biochemically (25) . Another system, isolated from P. putida NCIB 9816, has been examined by several investigators (4, 22a) .
Other systems capable of transforming naphthalene, fluorene, or phenanthrene have also been described. A 9.8-kb DNA fragment was cloned and sequenced from a soil isolate that degrades naphthalene and dibenzothiophene, Pseudomonas sp. strain C18 (8) . Two other strains, Arthrobacter sp. and Staphylococcus auriculans DBF63, demonstrated the ability to transform fluorene, possibly by two different pathways (12, 18) . Similarly, phenanthrene can be degraded by a variety of bacteria (5) . For example, Pseudomonas fluorescens SR, which contains NAH7-like genes, can transform phenanthrene and anthracene (17) . However, no gene cluster encoding fluorene transformation has been cloned, nor have the phenanthrene catabolic genes. Therefore, multiple PAH transformation by a single cloned gene cluster has not been well characterized.
To examine the metabolism of multiple PAH transformation, we used Pseudomonas putida NCIB 9816 because it demonstrated an unstable ability to degrade naphthalene, fluorene, and phenanthrene in our laboratory. This strain, originally isolated by Davies and Evans (7) from soil, was obtained directly from the National Collections of Industrial and Marine Bacteria Ltd. (Aberdeen, United Kingdom). Some confusion has arisen in the literature because several variants derived from NCIB 9816 have been used by different investigators (25) . These strains vary in their regulation of the naphthalene degradation pathway and in plasmid numbers and plasmid sizes. Yen and Serdar (25) resolved their pedigree and assigned to each of these variants a reference number. Genetic analysis was conducted with NCIB 9816-2 by Connors and Barnsley (6) , with NCIB 9816-3 (P. putida PGB1) by Cane and Williams (4) , and with NCIB 9816-4 by Serdar (22a). The genes encoding the dioxygenase enzyme complex were cloned and sequenced by Kurkelar and coworkers (15) from an unspecified NCIB 9816 strain and by Simon and coworkers (23) from NCIB 9816-4.
Here, we report the preliminary characterization of multiple PAH degradation by a single gene cluster cloned from the original NCIB 9816 strain. We localized the PAH catabolic genes and identified four major ring fission products from the degradation of naphthalene, fluorene, and phenanthrene by the NCIB 9816 clones. We also investigated the genetic and metabolic differences between the NCIB 9816 clones and a NAH7 clone, pE317. We found genetic similarity between these two clones, but we also found differences in their abilities to transform multiple PAHs. In particular, we describe significant differences between the abilities of the NAH7 and the NCIB 9816 upper-pathway clones to produce metabolites from 2-and 3-ring PAHs.
MATERUILS AND METHODS
Bacterial plasmids and strains. P (2, 5, 13, 14, 24) .
The extraction efficiency of key metabolites was determined by adding 100 jil of a 30-mg/ml acetone solution of salicylic acid or 1-hydroxy-2-naphthoic acid to the surface of the agar medium. After the solvent evaporated, the agar was removed and placed in a glass test tube with 1 ml of an E. coli HB101 culture (108 cells per ml) and extracted as described above. A standard curve with the authentic standards was performed on the HPLC to determine detection sensitivity.
For gas chromatography-mass spectrometry analysis, organic extracts were partially purified by thin-layer chromatography to separate polar metabolites and parent compound. (9, 21) was isolated from 0.8% low-melting-point agarose gel. The probe DNA was further labeled with 35S-dCTP (Amersham, Arlington Heights, Ill.) by using the nick translation kit from GIBCO BRL Life Technologies. The labeling intensity was 107 cpm/jg of DNA, and 0.5 jig of DNA probe was used for each hybridization experiment. DNA samples were first separated on 0.8% agarose gels and then transferred to a nitrocellulose membranes by using the Horizon DNA blot transfer system (GIBCO). After the membrane was baked at 80°C for 2 h, prehybridization and hybridization were conducted at 65°C for 8 h and overnight, respectively. After the membrane was washed twice with low-stringency buffer and twice with high-stringency buffer, it was dried at 80°C for 20 min and then exposed to X-ray film until the positive control was visible.
RESULTS
Cloning and mapping of the gene cluster encoding PAH degradation. Four clones, which contained the DNA insertions of 30 kb, of 28 kb, and of 20 kb with each of the two possible inserted orientations, were initially cloned from P. putida NCIB 9816 and designated pY3-E30, pY3-E28, pY3-E20, and pY3-20R, respectively. With additional EcoRI, Scal, and XhoI partial digestion, four subclones were further constructed. Two contained 16-kb DNA insertions with each of the two possible inserted orientations, the third contained a 12-kb DNA fragment, and the fourth contained an 8.5-kb DNA fragment. They were designated pY3-E16, pY3-E16R, pY3-ES12, and pY3-EX8.5, respectively (Fig. 1) .
Identification of metabolites of naphthalene, fluorene, and phenanthrene degradation. Figure 2 shows the results of HPLC analysis of the extracts of the negative control, E. coli HB101 containing pBR322, when incubated in the presence of PAHs. Besides the three parent compounds, naphthalene ( Fig.  2A) , fluorene (Fig. 2B) , and phenanthrene (Fig. 2C) , indole (Fig. 2, all panels) was the only detectable polar compound in the extracts. Figure 3 shows the results of HPLC analysis of degradation assay extracts for E. coli containing plasmid pE317 in the presence of naphthalene (Fig. 3A) . Naphthalene was transformed to an unidentified compound, salicylaldehyde, and salicylic acid. Indole and the parent compound, naphthalene, were also detected. The by isolation and analysis by gas chromatography-mass spectrometry (Fig. 4) . P. putida NCIB 9816 produced zones of clearing within 24 h on the naphthalene film sprayed onto the agar surface in petri dishes, but polar metabolites were not detected. The metabolites produced by P. putida NCIB 9816 from fluorene and phenanthrene are shown in Fig. 3B and C, respectively. A relatively small amount of fluorenone was produced during P. putida NCIB 9816 fluorene degradation, and 1-hydroxy-2-naphthoic acid was identified from P. putida NCIB 9816 phenanthrene degradation.
The results of PAH degradation by the clone pY3-EX8.5 in E. coli are shown in Fig. 5 . Salicylic acid was the only major metabolite observed from pY3-EX8.5 naphthalene transformation (Fig. 5A) . The major metabolites from fluorene degradation were two unidentified compounds, 9-hydroxyfluorene, and 9-fluorenone (Fig. 5B) . For phenanthrene degradation, E. coli carrying pY3-EX8.5 produced only one major metabolite (Fig. SC) (B) and phenanthrene (C) with P. putida NCIB 9816. Chromatograph peaks identified from standard spectra and retention times are indole, naphthalene, fluorene, phenanthrene, salicylic acid (peak 1), salicylaldehyde (peak 2), unidentified compound (peak 3), 9-fluorenone (peak 4), and 1-hydroxy-2-naphthoic acid (peak 5). The peaks represent the maximum A254s, and the UV-Vis spectra were recorded from 200 to 400 nm (each division on the x axes [insets] represents 10 nm).
the results of phenanthrene degradation by P. putida NCIB 9816 (Fig. 3C) . The HPLC profiles from pY3-E16, pY3-E20, pY3-E28, and pY3-E30 were identical to those of pY3-EX8.5 ( Fig. 5 ) for all three aromatic hydrocarbons. Figure 6 shows the results of PAH transformation by pE317 in the presence of both naphthalene and phenanthrene. The chromatogram is identical to that of pE317 transformation of naphthalene alone (Fig. 3A) , except for the presence of the additional substrate peak, phenanthrene. Similar results were obtained by supplying phenanthrene and salicylic acid to the medium. Only phenanthrene and salicyclic acid peaks were present on the chromatogram (data not shown).
The extraction efficiency for salicylic acid was 54% ± 5% (mean ± standard distribution), and for 1-hydroxy-2-naphthoic acid it was 96% ± 1%. (Fig. 3A, peak 1) . The mass spectrum (B) is consistent with identification as salicylic acid.
HPLC detector was fixed at 254 nm. The sensitivity was 1 ,ug for salicylic acid and 25 ng for 1-hydroxy-2-naphthoic acid. Production of 1-hydroxy-2-naphthoic acid from phenanthrene transformation ranged from 190 to 1,200 ,ug per plate for the pY3-EX8.5 clone (typical of the NCIB 9816 clones) but was below detection (<3.6 p,g per plate) for the pE317 clone. Therefore, 1-hydroxy-2-naphthoic acid production by the NCIB 9816 clone was at least 50-to 333-fold greater than that by the NAH7 clone. Salicylate production from naphthalene transformation, on the other hand, was similar for both clones (in the milligrams-per-plate concentration).
Southern blot DNA-DNA hybridization. Figure 7B shows results of Southern blot DNA-DNA hybridizations with the nahABFCE gene probe. The 16-kb insertion within the plasmids pY3-E30, pY3-E28, and pY3-E20 digested with EcoRI hybridized to the nahABFCE probe (Fig. 7B, lanes 3 through  5) . With additional enzyme digestion of the 16-kb DNA fragment, the 2.4-kb fragment from the first XhoI site to the second XhoI site and the 6-kb fragment from the second XhoI site to the third XhoI site hybridized to the probe, but DNA C . .
Time [min] FIG. 5 . HPLC analyses of the degradation of naphthalene (A), fluorene (B), and phenanthrene (C) with E. coli HB101 containing pY3-EX8.5. Chromatograph peaks identified from standard spectra and retention times are indole, naphthalene, fluorene, phenanthrene, salicylic acid (peak 1), unidentified compounds (peaks 2 and 3), 9-hydroxyfluorene (peak 4), 9-fluorenone (peak 5), and 1-hydroxy-2-naphthoic acid (peak 6). The peaks represent the maximum A24s, and the UV-Vis spectra were recorded from 200 to 400 nm (each division on the x axes [insets] represents 10 nm).
homology between the DNA portion from the third XhoI site to the last EcoRI site and the NAH7 probe was not detected (Fig. 7B, lane 6) . Similarly, the 4.2-kb portion of the DNA fragment from the first EcoRI site to the first Sacl site showed strong hybridization to the probe (Fig. 7B, lane 7) , but the 6.5-kb portion from the second SacI to the third Sacl site hybridized only weakly to the probe (Fig. 7B, lane 7) .
DISCUSSION
To clone an entire gene cluster that encodes PAH degradation, it is necessary to obtain large DNA insertions. Unfortunately, large DNA insertions are usually unstable in commonly used plasmid vectors. We modified our cloning procedure, in particular by lowering the incubation temperature to 30°C after transformation, which resulted in DNA inserts as large as 30 kb. It is a useful strategy for the genetic study of degradation because it facilitates subsequent subcloning more than cosmids or phage vectors.
To characterize potential PAH metabolites, liquid media are typically used to grow bacteria. Because PAHs are not very water soluble, (31.7 ,ug/ml for naphthalene and less than 1 ,ug/ml for phenanthrene [16] ), large volumes of liquid media are required to generate adequate metabolites for chemical analysis. From 0.5 to 40 liters are typically used for naphthalene degradation, followed by multistep procedures to extract and concentrate the PAH metabolites (9, 17) . To characterize eight NCIB 9816 clones with three PAH substrates, we had to develop a simple and reproducible analytical method. We used a solid medium supplemented with a readily utilizable carbon source to support cell growth, and saturating concentrations of PAHs (2 to 5 mg of PAH per plate) were sprayed on the surface of the plates to alleviate the problem of low water solubility. PAH transformation occurred on the plate surface, where oxygen depletion is not a factor. A small-scale, rapid FIG. 7 . Agarose gel (0.8%) electrophoresis of restriction enzymedigested plasmids (A) and results of Southern blot DNA-DNA hybridizations using the nahABFCE gene probe (B). Lanes 1, lambda phage digested with HindIll; lanes 2, pE317 (11.5-kb) EcoRI-HindIII DNA fragment; lanes 3, pY3-E30 digested with EcoRI; lanes 4, pY3-E28 digested with EcoRI; lanes 5, pY3-E20 digested with EcoRI; lanes 6, pY3-E16 digested with XhoI; lanes 7, pY3-ES12 digested with EcoRI and SacI. (Table 1) . Except for pY3-E16R, which lacks its own promoter (23) , and without an additional promoter, the same metabolites were detected from the rest of seven clones for all three PAH substrates. Results indicate that only the necessary genes encoding the initial ring fission reaction corresponding to the upper pathway genes in NAH7 are present in these NCIB 9816 clones. In contrast to the structure of the NAH7 plasmid, neither meta-nor orthopathway genes reside in the 38-kb neighborhood region. In addition, we located a gene encoding salicylate hydroxylase activity in another 25-kb clone from the same strain (unpublished data).
Identification of the PAH metabolites produced by the NCIB 9816 clones from the three substrates clearly demonstrated that a single gene cluster can encode multiple PAH degradation. Naphthalene was transformed to salicylic acid, and phenanthrene was converted to 1-hydroxy-2-naphthoic acid. It appears that a similar catabolic pathway and similar enzymes are used by the NCIB 9816 clones in naphthalene and phenanthrene transformation. This finding suggests that other high-molecular-weight PAHs may be transformed by this cloned gene cluster. In fact, an unidentified metabolite from pyrene degradation by these NCIB 9816 clones was observed (data not shown).
Fluorene transformation by bacterial degraders was reported previously (12, 13, 18, 22) , but the fluorene-degrading activity was not attributed to a cloned gene cluster. With the NCIB 9816 clones, fluorene was transformed to 9-hydroxyfluorene, 9-fluorenone, and two other unidentified metabolites (Fig. 5) . The two unidentified metabolites appeared to differ from 3,4-dihydrocoumarin (12) on the basis of comparison with the available spectrum. We were not able to compare them with 1-hydroxy-9-fluorenone, 4-hydroxy-9-fluorenone (18), or (+)-l,la-dihydroxy-1-hydrofluoren-9-one (22) Fig. 1 ) is homologous to the NAH7 probe. This is consistent with the 94% DNA sequence similarity shown between the nahAaAb genes of NAH7 and NCIB 9816-4 (23). However, the weaker homology of the 4.3-kb tail portion (from the first Sacl to the XhoI; Fig. 1 ) of the NCIB 9816 cluster to the NAH7 probe suggests genetic difference.
The PAH catabolic activities differed strikingly between the two closely related gene clusters, the NAH7 clone and NCIB 9816 clones. Both clusters transformed naphthalene to salicylic acid, but an unidentified metabolite and salicylaldehyde accumulated in addition to salicylic acid as a result of the activity of the NAH7 clone (compounds 2 and 3, respectively, in Fig. 3A) . These intermediates were not detected with the NCIB 9816 clones (Fig. SA) . More striking was the difference in fluorene and phenanthrene transformation by the NAH7 cluster. This is probably a function of the extent of transformation, since Sanseverino et al. (20) have demonstrated that NAH7-like plasmids confer the ability to mineralize phenanthrene by a sensitive ['4C]phenanthrene assay. Foght and Westlake (11) , on the other hand, reported phenanthrene mineralization by NCIB 9816 but lack of mineralization by NAH7. Our results suggest that if transformation of phenanthrene and fluorene by our NAH7 gene cluster occurs, it is a low-level activity.
One possibility for the lack of activity with fluorene and phenanthrene is that the NAH7 promoter needs salicylate present to activate the promoter. However, this possibility was eliminated because phenanthrene transformation was not detected even in the presence of naphthalene (Fig. 6) or salicylate. Naphthalene transformation proceeded in the presence or absence of phenanthrene. The additional unidentified compound (Fig. 6, peak 2) may be due to a block in the phenanthrene transformation pathway.
In conclusion, we have demonstrated that a single gene cluster can encode multiple PAH degradation. We have also demonstrated the genetic similarity and dissimilarity between two related gene clusters and the significant difference in substrate specificity. More detailed comparison of the two systems should provide information about substrate specificity by PAH catabolic pathways. Finally, with additional subclones and metabolite identification, the ring fission catabolic pathway of multi-PAH degradation in P. putida NCIB 9816 should be elucidated.
